INTRODUCTION
The need for improved methods of thermal processing cast Alloy 718 continues to be a challenge because of its extensive use in the aerospace industry. It's many applications demand an ever increasing ultimate tensile strength, at least 1240 MPa (180 ksi) at room temperature [I] .
These high tensile properties can be attained with a combination of fine grain size, proper homogenization, hot isostatic pressing (HIP), solution heat treatment, and aging if the metallurgy of the cast component is understood.
The formation (or suppression) of Laves' phase is an important aspect of cast Alloy 718 metallurgy.
This Cb-rich phase develops during solidification, and like most segregated phases, segregates more with slower cooling rates. The presence of Laves' phase causes at least three different problems. First, the presence of Laves' phase depletes the potential of y" precipitate strengthening, since Cb is also found in y". Second, Laves' phase melts at a temperature lower than that of the matrix, often producing incipient melting and porosity during high temperature processing.
Third, Laves' phase represents a microstructural weakness in that decohesion under a tensile stress will often occur at the Laves'/matrix interface.
For the first twenty years, Eiselstein's [2] pseudo-binary phase diagram provided the metallurgist with a clue as to how the alloy was supposed to act.
However, the diagram was largely ignored because production processes seldom permit the time required for equilibrium conditions to become established.
This Melting Chambers. Nineteen experiments were performed using two different furnaces.
One furnace used the Perkin-Elmer (P-E) 1700 DTA cell. For the purpose of these experiments, the DTA system was only used to heat-up and hold the sample at temperature.
The -100 mg sample was heated in ultra high purity He at 20C/minute (35F/min.) up to the holding temperature, in the range of 1180-1330C (2150-2425F).
The temperature was held for 15 minutes before furnace cooling at -4OUminute (70F/min.).
The precision of this system, using Pt-Rh thermocouples, was determined to be better than +5C (+lOF).
The P-E cell was calibrated by melting Ni (>99.99% purity) at 1455C (2650F).
The other chamber used for the remaining eight experiments was a Centorr sessile drop vacuum furnace.
The samples consisted of -5 mm (0.25 in.) cubes, polished with metallographic papers. A W-Re thermocouple was adjusted so that it was within -2 mm (0.08 in.) above the cube. The furnace was ramped at -3Uminute (6F/min) near the test temperature and held for 15 minutes before furnace cooling at -4OCYminute (70 F/min).
Calibration of the system was performed by observing when a commercially pure Ni pellet (ground as above into a 5 mm cube) completely melted to the bead shape. The precision of the Centorr furnace was estimated to be +_lOC (+_18F).
Quantitative Metallography (QM).
Samples were metallographically prepared from both the P-E and Centorr runs. The melted areas were outlined manually between 100-200X using transparencies, which were then interpreted by a Leitz TAS Plus Image Analyzer.
This was performed with three fields before 
Phase Analyses
The phases that were analyzed came from two Centorr specimens that had been melted in the range of 1312-133OC (2394-2425F). Differences in reported chemistries between the two samples were within the 1 sigma error of measurement, and therefore the differences were determined to be insignificant.
Composition of Laves'.
The exact amount of Cb in Laves' phase has been the subject of many discussions.
In previous work on cast Alloy 718 components by the author using EMP techniques [7] , -28% Cb was found in globular Laves' much like values of -30% Cb in globular Laves' recorded here. Reference [5] recorded a value of 22.4% Cb in Laves' using rapidly chilled weld metal and micro-analytical electron microscopy (AEM) techniques.
In that study, a lamellar Laves' was observed and the possible influence of dissolved Cb carbides was positively eliminated. For this reason, 22.4% Cb was accepted as the composition of Laves' for purposes of the phase diagram.
When the eutectic Laves' was analyzed, only -25% Cb was found. The eutectic Laves ' is believed to have formed below the eutectic temperature, and therefore is subject to less diffusion.
The composition of Laves' will probably continue to fluctuate depending upon the ability of the researcher to document the phase before significant diffusion occurs.
Composition of Matrix. The first solid that forms (y, the centers of the cells or dendrites)
rejects Cb, MO, Ti, and Si, and attracts Al, Cr, Fe, and Ni. This y has only -2.5% Cb initially, increasing to only -3.6% Cb. Eutectic y analysis was attempted, however, the EMP beam diameter of -1 urn was too large to avoid picking up some of the neighboring Laves' phase.
The lamellar eutectic y determined by [5] provided a value of 9.3% Cb. For reasons described above, this value was accepted as the maximum Cb solid solubili ty.
Construction of Pseudo-Binary Phase Diagram
The basic pseudo-binary phase diagram first drawn by H. L. Eiselstein [2] was modified to include the most recent information.
This included the AEM analysis of y and Laves' phase, and EMP analysis of the eutectic composition by Knorovsky, Cieslak, et. al. [5] . Prinz and Rudolph [4] also added to the diagram with EMP analysis of the solid and liquid phases in the melting range.
In support of [4], the % Liquid values from Figure 3 were also used with the Lever Rule to establish the liquidus phase boundary. The contributions of the different researchers are shown in Table II, while the  phase diagram construction is shown in Figure 4 .
The phase diagram includes a partial nonequilibrium diagram for as-cast Alloy 718 representing a typical segregated casting (or weld), and an equilibrium diagram representing conditions that develop after some homogenization has taken place.
Application of Pseudo-Binary Phase Diagram
The pseudo-binary phase diagram helps to explain several facets observed in typical production experience (paragraph numbers refer to Figure 4 ):
1.
Probably the most frequently encountered mistake during heat treatment or HIP is heating too quickly above 1180C (2150F).
Because castings are subject to nonequilibrium solidification, the melting range is extended forcing the solidus boundary to move to the left.
This brings the eutectic isotherm at -1180C (2150F) into an important position. During the original solidification, the liquid with nominally 5 weight percent Cb will be in equilibrium with the first solid to form (the dendrite core, or in the case of Microcast-X the "cell" core). Eiselstein determined this to be about 4%, but the efforts here and in [4] show it to be closer to 2.0-2.5%. As the solidification temperature drops, the concentration of Cb approaches only 3.5-4.0X probably because 1) carbides tie up some available Cb; 2) the tendency of Cb to partition to the liquid, and; 3) sluggish Cb diffusion in the solid. Thus, a casting with no prior thermal treatments containing a few percent of Laves' phase would be susceptible to melting above 1180C (2150F) if it were heated rapidly, according to the predicted Laves' -> y + L reaction, One way to avoid melting of this type would be to make sure of adequate temperature control on the heat treatment or HIP furnace to avoid temperature overshoots.
Another way is discussed in paragraph #2 below.
2.
A slow heating rate between approximately 1065-1180C (1950-2150F) will promote in-situ homogenization.
Another technique includes holding below the eutectic isotherm in the range 1150-1163C (2100-2125F) for extended periods of time. This will allow appropriate diffusion of Cb Assuming that Laves' phase is sufficiently dissolved, melting will not occur until about 1240C (2265F).
In practice this was observed on actual Alloy 718 gas turbine hardware during two HIP runs [9] .
At a HIP temperature of 1215 f 12C (2220 + 25F), near complete solutioning occurred.
But with a HIP temperature of 1230 f 12C (2245 + 25F) the casting began to melt and no solutioning was observed. Thus, at the 123OC (2245F) temperature, it was natural for both solid and liquid phases to coexist.
. As heating continues, the Cb carbides, grain boundaries, and grains begin to melt until complete melting occurs at 133OC (2425F).
. The construction of the Laves' solvus down to -30% Cb might be contemplated by the reader in an attempt to explain the measured Cb content of Laves' phase, as shown in Table I . Upon cooling from the liquid (as-cast condition), nonequilibrium solidification occurs re-establishing the nonequilibrium phase boundaries, as shown to the left in Figure 4 . Just below the eutectic isotherm, there would be two phases coexisting -y and Laves'. The y would start with a composition of -4% Cb and the Laves' would start with -22.4% Cb. As the temperature drops, the composition of y would follow the y solvus while the composition of Laves' would follow the Laves' solvus.
As it would be simple to extend this boundary down to the measured 30% Cb, this may be incorrect.
It is probable that Cb carbides are dissolved within the Laves ' phase, which the typical EMP may not be able to distinguish.
SUMMARY
Experiments were conducted to determine the melting range of cast Alloy 718. A new pseudo-binary phase diagram was constructed from several sources to help explain phenomena observed during typical production heat treatments (such as homogenization and HIP). The following guidelines will assist producers and users of cast Alloy 718:
A.
The key to understanding the heat treatment of cast Alloy 718 is to understand Laves' phase. The goal, of course, is to eliminate Laves' phase.
B.
Do not heat the cast product above 118OC (2150F) without some prior homogenization. Doing so will cause incipient melting.
C. Use slow heating rates approaching the homogenization temperature. Slow rates will promote in-situ homogenization and may prevent incipient melting.
to occur creating the equilibrium phase diagram, as shown to the right in Figure 4 . Two examples will be used to confirm the phase boundaries. The first involves a determination of the temperature where Laves' begins to solution in a GTA weld. In the weld metal, Laves' is distributed as small globules which provide a model example for homogenization.
The phase diagram predicts that above the solvus, approximately 106OC (1940F), Laves' will begin to dissolve as under equilibrium conditions only y should be present. In the range of 1065-1095C (1950-2000F) , tensile ductility and charpy-impact energy were restored to the GTA welds [8] even though Laves' did not completely dissolve.
This indicates that some solutioning occurred.
In practice, 1150C (2100F) for one hour was the most practical condition found to dissolve Laves' in GTA welds made on Alloy 718 castings [9] . 75 
